I. Introduction
===============

Glutamate is a neurotransmitter responsible for mediating the vast majority of excitatory synaptic transmission in the vertebrate central nervous system. There are three types of ionotropic glutamate receptors that mediate their actions, which are divided into three groups by their selective agonist: AMPA (alpa-amino-3-hydroxy-5-methyl-4-isoxazole proprionate), NMDA (N-methyl-D-aspartate), and kainite receptors. Each of the receptors is structurally, pharmacologically, and physiologically distinct \[[@B7], [@B42], [@B53]\]. AMPA receptors participate in the synaptic plasticity thought to underlie memory and learning, as well as in the formation of neural network during development. AMPA receptors are formed from the assembly of several protein subunits, named GluR1-4 (or GluRA-D). Native AMPA receptors are most likely tetramers generated by the assembly of one or more of these subunits, yielding homomeric or heteromeric receptors \[[@B22], [@B38], [@B44], [@B51], [@B53]\].

Calcium is known to be an important moderator of a number of vital physiological processes, including neuronal excitability, axonal transport, and neurotransmitter release. The AMPA receptors not only allow the passage of sodium and potassium, but also allow the passage of calcium in some cases. AMPA receptors that display very low calcium permeability include the GluR2 subunit, while AMPA receptors that contain other subunits, such as GluR1, display high calcium permeability \[[@B6], [@B41], [@B52], [@B53]\]. Calcium-binding proteins are thought to play a role as intracellular calcium buffers \[[@B1]\]. Among the many calcium-binding proteins, three EF calcium-binding proteins, calbindin D28K, calretinin and parvalbumin, have been studied widely in the central nervous system. GluR1-immunoreactive (IR) neurons in the visual cortex of the monkey \[[@B3]\] and rat \[[@B15]\] have been described. Calcium-binding proteins are localized in the visual cortex of several mammalsvincluding human \[[@B2], [@B11], [@B20], [@B33]--[@B36]\], monkey \[[@B2], [@B8], [@B12], [@B14], [@B19], [@B20], [@B40], [@B59], [@B60]\], dolphin \[[@B11], [@B12]\], cat \[[@B9], [@B21], [@B24], [@B54]\], rabbit \[[@B45]\], flying fox \[[@B23]\], ferret \[[@B10]\], rat \[[@B5], [@B13], [@B37]\], mouse \[[@B46]\], and hamster \[[@B31]\].

Recently, GluR2/3-IR neurons in the hamster visual cortex have been described from our lab \[[@B49]\]. However, localization of GluR1 has not been accomplished and information on the localization of calcium permeable AMPA receptor subunit GluR1 is critical for the understanding of visual activity in the hamster visual cortex, glutamate excitocytotoxicity, and epileptic and ischemic cell damage mediated by AMPA receptors. Thus, the present study was undertaken to investigate the specific laminar distribution and the specific cell type of GluR1-containing cells. Calcium permeability through AMPA receptors strongly depends upon the GluR subunit. Calcium-binding proteins are thought to play a major role in buffering the intracellular calcium level \[[@B1]\]. Recent study in our lab has shown that none of the GluR2/3-IR neurons contained any calcium-binding proteins in the hamster visual cortex. Thus, the second goal of the current study was to investigate whether calcium permeable AMPA receptor subunit GluR1 is specifically localized in subpopulations of calcium-binding protein-containing neurons. Previous studies have shown that the majority of calcium-binding protein-containing neurons in the visual cortex are interneurons containing GABA, which is a major inhibitory neurotransmitter in the vertebrate central nervous system \[[@B9], [@B13], [@B30], [@B40]\]. Thus, our final goal was to investigate whether GluR1 is co-localized in GABAergic interneurons. As vision is more important than any other sense in most mammals, the present goals are essential requirements in elaborating the quality and quantity of visual information processing in the visual cortex. The present study also enables us not only to detect the neurochemical structure of GluR1, but also to perceive the animal variety.

II. Materials and Methods
=========================

Perfusion and tissue processing
-------------------------------

Ten adult hamsters (8--10 weeks old, 20--30 g) were used in these experiments. The guidelines of the National Institute of Health regarding the use and care of animals were followed for all experimental procedures. All efforts were made to minimize animal suffering as well as the number of animals used. All animals were anesthetized deeply with a mixture of ketamine hydrochloride (30--40 mg/kg) and xylazine (3--6 mg/kg) before perfusion. They were perfused transcardially with 4% paraformaldehyde and 0.3--0.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) with 0.002% calcium chloride. Following a pre-rinse with approximately 30 ml of phosphate-buffered saline (PBS, pH=7.2) over a period of 1--4 min, each hamster was perfused with 30--50 ml of fixative for 5--10 min via a syringe needle inserted through the left ventricle and aorta. The head was then removed and placed in the fixative for 2--3 hr. The brain was removed from the skull, stored for 2--3 hr in the same fixative, and left overnight in 0.1 M phosphate buffer (pH=7.4) containing 8% sucrose and 0.002% CaCl~2~. The visual cortex was removed, mounted onto a chuck, and cut coronally into 50 µm thick sections with a vibratome. For every three or four sections, two or three sections were used for immunocytochemistry and one was used for thionin. The thionin stained sections were used to identify the cortical layers.

HRP immunocytochemistry
-----------------------

A polyclonal antibody against GluR1 (AB 1504) and a monoclonal antibody against GABA were obtained commercially from Chemicon (USA). Monoclonal antibodies against calbindin D28K and parvalbumin were obtained from Sigma Chemical (USA). These antibodies have been widely used for the localization of GluR1, GABA, and calcium-binding proteins in the central nervous system. The tissue was processed free floating in small vials. For immunocytochemistry, sections were incubated in 1% sodium borohydride (NaBH~4~) for 30 min. Sections were rinsed 3×10 min in 0.1 M phosphate buffer and incubated in 0.1 M phosphate buffer with 4% normal goat serum for 2 hr with 0.5% Triton X-100. They were then incubated in the primary antiserum, that had been diluted 1:200--1:250, in 0.1 M phosphate buffer with 4% normal serum for 48 hr in the presence of 0.5% Triton X-100. Following a further 3×10 min rinse in 0.1 M phosphate buffer, the sections were incubated in a 1:200 dilution of biotinylated secondary IgG in 0.1 M phosphate buffer with 4% normal serum for 2 hr in the presence of 0.5% Triton X-100, then rinsed 3×10 min in 0.1 M phosphate buffer and incubated in a 1:50 dilution of avidin-biotinylated horseradish peroxidase (Vector Lab., USA) in 0.25 M Tris for 2 hr. The sections were rinsed as before, and staining was visualized by reaction with 3,3\'-diaminobenzidine tetrahydrochloride (DAB) and hydrogen peroxide in 0.25 M Tris for 3--10 min using a DAB reagent set (Kirkegaard & Perry, USA). All sections were rinsed in 0.1 M phosphate buffer before mounting. As a control, some sections were incubated in the same solution without the addition of the primary antibody. In addition, preabsorption of anti-GluR1 antibody with the corresponding synthetic peptide (Chemicon, AG 360, 10 µg of peptide/ml, 12 hr incubation at room temperature) was performed prior to tissue incubation. These control tissues showed no GluR1 immunoreactivity (Fig. [1](#F1){ref-type="fig"}C and D). The stained tissues were finally mounted on Superfrost Plus slides (Fisher, USA) and dried overnight in an oven set at 37°C, dehydrated through alcohol, cleared with xylene, and covered with coverslips in mounting medium (Permount; Fisher). The tissues were examined with a Zeiss Axioplan microscope using conventional or differential interference contrast (DIC) optics.

Fluorescence immunocytochemistry
--------------------------------

To double-label sections for GluR1 and calbindin D28K, parvalbumin, or GABA, sections were incubated in the primary antiserum as described above. The primary antiserum was diluted at either 1:250 (GluR1 and calbindin D28K), or 1:200 (parvalbumin and GABA). The secondary antibodies were Cy5 conjugated anti-rabbit IgG (Jackson ImmunoResearch Lab.) for GluR1 and fluorescein (FITC) conjugated anti-mouse IgG (Vector Lab., USA) for calbindin D28K, parvalbumin, or GABA. Labeled sections were preserved under coverslips in Vectashield mounting medium (Vector Lab., USA), and images were obtained using a Bio-Rad MRC 1024 laser scanning confocal microscope.

Quantitative analysis
---------------------

The GluR1-containing neurons were plotted with the aid of a Zeiss drawing tube attached to a Zeiss Axioplan microscope with a 20× objective. We took samples from six different sections, each 1000 µm in width, from each of two animals. The number of labeled neurons was expressed as a percentage of the total population of labeled neurons. Double-labeled neurons were counted from six different sections, each 550 µm in width, from each of two animals across all layers. Double-labeled images were obtained using a Bio-Rad MRC 1024 laser scanning confocal microscope using a 20× objective. The morphological types of GluR1-IR cells were analyzed on DAB-reacted sections. All analyses were done with a 40× Zeiss Plan-Apochromat objective. We took samples from six different sections, each 1000 µm in width, from each of two animals across all layers. To obtain the best images, we analyzed cells under DIC optics. Only cell profiles containing a nucleus and at least a faintly visible nucleolus were included in this analysis. Since the goal of the present study was to obtain an estimate of each morphological cell type, no attempt was made to assess the total number of cells of each neuronal subpopulation.

III. Results
============

Distribution of GluR1 immunoreactivity
--------------------------------------

Figure [1](#F1){ref-type="fig"}B shows GluR1 immunoreactivity in the hamster visual cortex while Figure [1](#F1){ref-type="fig"}A shows a thionin-stained section for cortical lamination. GluR1 was present in a large subset of neurons within the adult hamster visual cortex with the highest density in layer II/III. In layer I of the visual cortex, GluR1-IR neurons were rarely encountered. A quantitative histogram of cell distribution revealed the density of the GluR1-IR neurons in each layer (Fig. [2](#F2){ref-type="fig"}). The frequency of labeled neurons varied in each layer. Thus, 3.98% (S.D. 2.72) (total 63 cells from 6 sections) of labeled neurons were found in layer I, 41.01% (S.D. 6.84) (total 640 cells from 6 sections) in layer II/III, 13.18% (S.D. 4.30) (total 202 cells from 6 sections) in layer IV, 22.91% (S.D. 3.39) (total 354 cells from 6 sections) in layer V, and 18.94% (S.D. 8.96) (total 295 cells from 6 sections) in layer VI.

Morphology of anti-GluR1-IR neurons
-----------------------------------

In the hamster visual cortex, the majority of the GluR1-IR cells consisted of round or oval cells. Figures [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B (arrow) show representative multipolar round or oval cells. The round or oval cells were located in all layers. Figure [3](#F3){ref-type="fig"}B (arrowhead) and [3](#F3){ref-type="fig"}D show multipolar stellate neurons. Stellate cells had polygonally-shaped cell bodies with numerous dendrites coursing in all directions. The stellate cells were located in all layers except in layer I. Vertical fusiform cells (Fig. [3](#F3){ref-type="fig"}C and asterisk in [3](#F3){ref-type="fig"}B) with a thick, proximal dendritic stump directed towards the pial surface were also found. Vertical fusiform cells were predominantly located in layer II/III. Fig. [3](#F3){ref-type="fig"}E shows a pyriform neuron. Pyriform neurons had a small, pear-shaped cell body with a thick proximal dendrite directed toward the pial surface. The ascending process had many small branches, which formed a dendritic bouquet. The pyriform cells were predominantly located in layer II/III. Horizontal cells (Fig. [3](#F3){ref-type="fig"}F), with horizontally-oriented small, fusiform cell bodies and horizontally-oriented processes, also contained GluR1. The horizontal cells were predominantly located in layer I. Quantitatively, 73.54% (S.D. 6.71) of anti-GluR1 labeled neurons were round or oval, 15.55% (S.D. 7.21) were vertical fusiform, 7.52% (S.D. 1.95) were stellate, 2.10% (S.D. 0.88) were pyriform, and 1.29% (S.D. 1.02) was horizontal neurons. In the present study, we could not identify any GluR1-IR pyramidal cells.

Co-localization of GluR1 and calbindin D28K or parvalbumin or GABA
------------------------------------------------------------------

To determine whether the GluR1-IR cells in the hamster visual cortex co-localize with calbindin D28K or parvalbumin or GABA, we labeled GluR1 with Cy5 and calbindin D28K or parvalbumin or GABA with fluorescein. Some cells were clearly labeled by both GluR1 and calbindin D28K or parvalbumin or GABA in the hamster visual cortex. Other cells were labeled by either one of the antibodies, but not by both (Fig. [4](#F4){ref-type="fig"}). There was no obvious relationship between cell morphology and whether the cell was single or double labeled. To estimate the percentage of double-labeled cells, we counted the numbers of GluR1 and double-labeled cells across the layers of the visual cortex in six sections from two animals. Quantitatively, 31.50% of the GluR1-IR cells were double-labeled with calbindin D28K in the hamster visual cortex, while 22.91% of the GluR1-IR cells were double-labeled with parvalbumin. Quantitatively, 63.89% of the GluR1-IR neurons contained GABA (Table [1](#T1){ref-type="table"}).

IV. Discussion
==============

The results indicate that the GluR1-IR neurons were widely distributed in the hamster visual cortex with the highest density in layers II/III and with the lowest density in layer I. Differences in the GluR1 expression patterns were found even among the rodents. In contrast to the hamster visual cortex, more than half of the GluR1-IR neurons are located in layer VI in rat visual cortex \[[@B15]\]. Immunoreactivity for GluR1 is densest in layers IV and VI in the monkey visual cortex \[[@B3]\]. Although the functional significance of the subtle species differences in GluR1 expression is not yet understood, these differences may contribute to the specific physiological properties of GluR1-containing neurons in the visual cortex among different species.

In the present study of the hamster visual cortex, the GluR1-IR cells were non-pyramidal cells. Although the morphology of the GluR1-IR non-pyramidal neurons was diverse, the majority of the neurons were multipolar round or oval cells. Previous studies have shown the morphology of GluR1-IR neurons in a variety of areas of mammalian brain such as the cat visual cortex \[[@B16]\], rat somatosensory cortex \[[@B27], [@B28]\], rat hippocampus \[[@B32]\], and rat amygdala \[[@B39]\]. The strongly labeled neurons were non-pyramidal cells. In contrast to GluR1, GluR2/3-immunoreactivity was found in pyramidal neurons both in the visual cortex \[[@B16], [@B49]\] and in other cortical areas \[[@B39], [@B43], [@B55]--[@B58]\]. These previous results along with the present results indicate that subsets of interneurons primarily express GluR1, while subsets of projection neurons primarily express GluR2/3. AMPA receptors are composed of subunits GluR1-4, which are products from separate genes. AMPA receptors that do not contain the GluR2 subunits are permeable to calcium. In accordance with our results, the calcium permeability of AMPA receptors is remarkably higher in non-pyramidal neurons than in pyramidal neurons in the rat neocortex \[[@B25]\].

The large majority of GluR1-IR neurons contained GABA in rat somatic sensory cortex \[[@B27]\]. Our results also showed that about two thirds of GluR1-containing neurons co-expressed GABA. These results indicate that many GluR1-containing neurons in the hamster visual cortex are GABAergic interneurons. On the other hand, approximately one fourth of GluR1-containing neurons co-expressed GABA in the rat visual cortex \[[@B15]\]. However, few GluR1-IR neurons contained GABA in monkey amygdala \[[@B17]\]. The results indicate that there are regional and species differences in GABA expressing GluR1-containing neurons, and emphasize the neurochemical diversity of animal species. Thus, to accomplish the functional neurochemical organization of the central nervous system, diverse animal species must be examined.

Celio \[[@B4]\] has shown that interneurons specifically express the calcium-binding proteins calbindin, calretinin, or parvalbumin in the central nervous system. In our previous study, we have shown that hamster visual cortex also contains many calbindin D28K-, calretinin-, or parvalbumin-immunoreactive neurons \[[@B31]\]. The current study has shown that the expression of many GluR1-IR cells is correlated with the expression of calcium-binding proteins. In accordance with the present results, GluR1-IR was found mainly in non-pyramidal neurons that contain calcium-binding proteins \[[@B26], [@B28], [@B29], [@B32], [@B39]\]. In contrast to the present study, we previously have shown that none of the GluR2/3-IR neurons in the hamster visual cortex contained calbindin D28K or calretinin \[[@B49]\]. Calcium-binding proteins work as calcium buffers or they actively work in a calcium-mediated signal transduction. Many studies have suggested that calcium-binding proteins play some roles in neuroprotection \[[@B1], [@B18], [@B47], [@B48], [@B50], [@B61]\]. The AMPA glutamate receptor that displays higher calcium permeability includes the GluR1 subunit. However, any combination of receptors that included the GluR2 subunit produced receptors were impermeable to calcium \[[@B6], [@B41], [@B52], [@B53]\]. Thus, the existence of calcium-binding proteins in GulR1-IR neurons and the non-existence of calcium-binding proteins in GluR2/3-IR neurons in our previous study may indicate that many of the GluR1-IR neurons in the hamster visual cortex are protected from calcium-overflowing excitotoxic injury. These results indicate that many GluR1-containing neurons may have different calcium-dependent pathways from GluR2/3-containing neurons in the hamster visual cortex and the functional diversity of AMPA receptors. Clearly, the results of the present study taken together with those of previous studies suggest that the properties of AMPA glutamate receptors can be quite different not only depending on different combination of the subunits, but also depending on differential expression of calcium-binding proteins in particular neuronal cell types.

In conclusion, the present study demonstrates the organizational patterns of GluR1-containing cells in the hamster visual cortex. The highest density of GluR1-IR neurons was found in layers II/III. The labeled neurons varied in morphology and the majority of the labeled neurons were non-pyramidal multipolar round or oval cells. Two-color immunofluorescence revealed that many of the GluR1-IR neurons in the hamster visual cortex were double-labeled with either calbindin D28K, parvalbumin, or GABA. These results indicate that neurons in the hamster visual cortex express GluR1 differently according to different layers and selective cell types and that many of the GluR1-IR neurons are limited neurons that express calbindin 28K, parvalbumin or GABA. These data elucidate the neurochemical structure of GluR1 and provide a useful clue in understanding the differential vulnerability of GluR1-containing neurons with regard to calcium-dependent excitotoxic mechanisms. The data will also help us to better understand the variety of animals.
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![Low power photomicrographs of the distribution of GluR1-IR neurons in the hamster visual cortex. (**A**) Thionin-stained section shows the cortical lamination. (**B**) Anti-GluR1-IR neurons. (**C, D**) Control sections used to show the specificity of GluR1 antibody. In **C**, section was incubated without the addition of the primary antibody. In **D**, the GluR1 antibody was preabsorbed with antigen prior to tissue incubation. I--VI: cortical layers. Bar=100 µm.](AHC05058f01){#F1}

![Histogram of the distribution of neurons labeled by anti-GluR1 antibody in the hamster visual cortex. Anti-GluR1-IR neurons were predominantly located in layers II/III, V and VI. Error bars: SD.](AHC05058f02){#F2}

![High power differential interference contrast (DIC) photomicrographs of some GluR1-IR neurons in the hamster visual cortex. (**A, B** arrow) Multipolar round or oval neurons in cortical layers II/III. The large majority of anti-GluR1-IR neurons were round or oval cells with many dendrites coursing in all directions. (**B** arrowhead, **D**) Multipolar stellate neurons. Stellate neurons had polygonally-shaped cell bodies with numerous dendrites coursing in all directions. (**B** asterisk, **C**) Vertical fusiform neurons with its longitudinal axis perpendicular to the pial surface. (**E**) Pyriform neuron with a thick primary dendrite oriented toward the pial surface. This ascending process had many small branches, forming a dendritic bouquet. (**F**) A horizontal neuron with a horizontal fusiform cell body with horizontally oriented processes. Bar=20 µm.](AHC05058f03){#F3}

![Fluorescence confocal photomicrographs of hamster visual cortex immunostained for (**A, D, G**) GluR1 (**B**) calbindin D28K, (**E**) parvalbumin, and (**H**) GABA. (**C**) Superimposition of images in GluR1 and calbindin D28K. (**F**) Superimposition of images in GluR1 and parvalbumin. (**I**) Superimposition of images in GluR1 and GABA. Arrowheads indicate some co-localized neurons. The double-labeled neurons were found in all layers except in layer I. Bar=50 µm.](AHC05058f04){#F4}

###### 

Percentage of GluR1 cells, and double-labeled cells with calcium-binding proteins and GABA in the hamster visual cortex

                   Animal No.   No. sections   No. GluR1   No. double    \% Double (Mean±S.D.)
  ---------------- ------------ -------------- ----------- ------------- -----------------------
  Calbindin D28K   3            3              299         79            26.48±1.45
  7                3            349            121         36.52±16.26   
  Total            6            648            200         31.50±11.70   
  Parvalbumin      3            3              224         43            21.52±15.68
  7                3            302            74          24.30±3.29    
  Total            6            526            117         22.91±10.24   
  GABA             3            3              369         280           75.82±10.31
  7                3            338            182         51.97±18.60   
  Total            6            707            462         63.89±18.75   
